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SECTION 1

INTRODUCTION

A. REVIEW OF PROPERTIES OF CONTROLLED INVERSION DEVICES

The controlled inversion device (CID) is a two- (or multiple-)
terminal semiconductor device which exhibits, in general, two or three stable
impedance states. A typical current voltage characteristic is shown in
Fig. 1, which indicates, except for the intermediate conductivity state, a
qualitative relationship with the characteristics of a typical silicon-con-
trolled rectifier (SCR). The structure is, however, quite different from
such devices. As illustrated in Fig. 2, the CID has, at most, one (and in

some cases no) p-n junction, unlike that of the SCR which has three junctions.

The mechanism of operation of the CID depends upon the finite con-
ductivity of the thin insulator or, more descriptively, the "nonlinear" con-
ductor which, depending upon bias conditions, might or might not possess an
inversion layer. A qualitative description of the device behavior has been
presented for both the diode1 and "emitter-base-collector" version of the
three-terminal structure.2 The present report will update the I-V character-
istics of the three-terminal devices for this program, and it will be shown
that it is possible to more simply describe these characteristics as well as to

envision greater utility for the structure.

B., GOALS OF PROGRAM
The goals of this program are to:

1. Complete quantitative theory of CID operation, including
switching mechanism.

2. Discover possible preferred form of nonlinear conductor
and other structure variationse.

3, Study structures which are compatible with LSI process<

ing. The specific structures which will be evaluated

will only be those fabricated in the course of studies in
1 and 2 above.

ik
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FIG. 1 Current voltage characteristics for a CID. If base current drive is

supplied threshold voltage Vy}, is reduced. Load line is determined
by series resistance of collector power supply. Switching from
A > B, B - Cor A—Cis possible with base current drive.
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SECTION 2

THREE-TERMINAL DEVICES WITH "EMITTER-BASE~COLLECTOR"
(Silicon Nitride and Silicon Oxynitride Nonlinear Conductors)

A.  STRUCTURES INVESTIGATED

Three~-trerminal structures, which had been fabricated at the time

the proposal for this program was written, were conveniently fabricated but

had nonideal base contacts. Two distinct structures were therefore initially

investigated whose designs were supposed to greatly lower the base resistance
by utilizing diffused base contacts,

(1) Structures Using Multiple Epitaxial Layer Structures.

e A TR S R s o e S AT TG
= y

Special silicon epitaxial layers were grown in order to provide a
means of introduci

Ng a relatively low resistance base region adjacent to the
junction. A cross sectional diagram of the wafer is shown in Fig. 3(a)

R

s and
the sequential steps leading to complete device fabrication making use of

limited area diffusions with oxide m

asking are illustrated in Figs. 3(b) and
(c). Note that in this structure the diffused annular base contact region

overlaps the more heavily diffused p layer adjacent to the p-n junction.

" layer chosen for initial experimentation was 30 A

]
g The "insulator
%
¥

of silicon nxynitride. This specific composition was chosen because of its

high and reproducible dielectric breakdown strength.

Since the layer is thin,
£ the possibility exists that tunneling can significantly contribute to con-

duction through the insulator.

(2) Diffused Base Contacts With Simple Epitaxial Layer.

A second structure investigatad is illustrated in Fig. 4. It was

fabricated from a simple p-/n+ epitaxial layer.

This structure differed

from the preceding one in two other respects: it was a mesa design which

limited the emitter junction area and a 300 & thick silicon-

nitride insulator was used.

rich silicon-
The choice of this particular high conductivity
material was motivated by a desire to observe if thicker insulator layers

-5-
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(a) Original wafer.
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with a mesa etch to limit emitter junction area.




could result in more rugged devices and to examine the properties of devices
nr.oze conduction mechanism could not depend on tunneling directly from the ;

semiconductor to the mecal.

This structure did result in devices whose characteristics were 4
less easily altered by high currents, and, as with the previous devices, %
multiple voltage levels in the low impedance states were not observed when

different values of base current were suppiied.

1

B. THRESHOLD VOLTAGE AS A FUNCTION OF BASE CURRENT i
(1) Current Gain. 1

i

The structures in Figs. 3 and 4. showed substantial curreat gain %

when operated in the common emitter mode. Base currents 100-1000 times i
1

smaller than the collector current, which flowed after switching, could turn :
on the devices. The current gain is of course a function of the circuit, ;
particularly of the collector load resistor, since the collector curreat is i

essentially limited by this resistance in the low impedance state. Earlier,
three-terminal structures fabricated before the start of this program showed

reliable current gains of only 6-10.

Figure 5 presents common emitter characteristics of the device
diagrammed in Fig. 4. The peak collector current was over 200 mA and is not

shown so that low currents of the high impedance state may be shown in detail.

(2) Measurements of AytthIE.

A useful figure of merit on the extent of control by base current

IB on collector threshold voltage Vth is the ratio AVth/AIB. If Vth is con=-

sidered as a function of IB, then the greater this ratio the more sensitive

does the transition point depend upon base current.

Graphs of the base current vs threshold voltages are presented in . b

Fig. 6 and 7 for the devices diagrammed in Figs. 3 and 4, respectively.

Figure 6 contains data taken from three different devices vhich were repre- i

sentative of the devices examined. The maximum value of thh/VLB was of the
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FIG. 5 Common emitter characteristics of device diagramme.* in Fig. 4. The peak
collector current is over 200 mA and is not shown so i':at low currents of
high impedance state may be shown in detail. Four different curves corre-
spond to base current Ig = 0, 0.1, 0.2 and 0.3 m:A. Higher base currents
lower collector threshold voltage.
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FIG. 7 Base current vs collector threshold voltage for device diagrammed in Fig. 4.
Emitter is grounded.
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order of 2000 :i. The devices whose structure was diagrammed in Fig. 5, with
the 300 & nitride, were more alike in behavior. The data of Fig. 7 showed

that for these devices Av, h/AIB ~ 12,000 Q.
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SECTION 3

CID STRUCTURES WITH POLYSILICON NONLINEAR CONDUCTORS

A. REVIEW OF PREVIOUS NLC MATERIALS ;

- s
I——————_ o M

One of the striking facts about the CID phenomenon is its apparent 5

universality. All insulator structures which have been used as the non-

linear conductor in fabricating metal-NLC-semiconductor junction devices
have exhibited the CID phenomenon. The insulators investigated prior to

this contract included deposited layers of silicon oxynitride and silicon-

rich silicon nitride, thermally grown silicon dioxide3 and room-temperature
grown Sle.

SRR e T e oo

The silicon oxynitride which has been used was 20-35 A thick of

: index of refraction 1.7 and was thin enough to permit some tunneling conduc-
g tion. The current I through these layers measured in a simple metal-insulator
¢ heavily doped silicon structure showed a dependencel upon applied voltage V

of -he form

L
2
, T T e Ak

kT \1)

over five orders of applied voltage suggesting that tunneling was not the
exclusive conduction mechanism. Such layers produced excellent devices only

if molybdenum were uced as the metal adjacent to the insulator {aluminum and
chromium were also tried) and required deposition of the molybdenum immediately

after the oxynitride deposition if the devices were to have a good yield.

The silicon-rich nitride was used in thickness from 175-300 &.
Chromium could be used successvully in the primary metallization but molyb-

denum yielded more uniform devices. The metallization should be applied soon
after deposition.

-12-
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Layers of SiO2 thermally grown at 550° C were also used successfully;
however, only molybdenum metallization produced structures with high vield.,
Various "oxides" formed by heating silicon in NaOH and HNO3 of ~» 40 & thick-
ness have produced usable NLC layers for CID structures, but with a low yield
(< 80%).

B. METHODS OF FABRICATION AND BASIC PROPERTIES OF POLYSILICON CID STRUCTURES

Polycrystalline silicon layers were deposited and used in the
fabrication of CID structures for the first time in a horizontal flow reac-

tion at 700°C. The purpose of these experiments was to make use of the

»

L L

greater conductivity of polysilicon so that thicker "insulator" layers could
be utilized, thus freeing the CID structure from the use of layers less than

a few hundred angstroms thick.

Polysilicon layers, 2000 A thick, were used and all devices showed

the CID phenomenon. Several additional benefits and insights were reached .

using these devices beyond the most consistent and rugged performance observed
to date. One interesting feature to the device behavior is the general

absence of an intermediate conductivity state. Only the highest and lowest
impedance states are present. The reasons for this behavior are not yet
completely defined but may involve the fact that apparently only holes (not
electrons) cross the polysilicon single-crystal silicon interface (see Fig. 8).
All previous CID structures which did not use polysilicon as the insulator

had a substantial fraction of current carried as both electrons and holes

across the insulator semiconductor interface (ratio of electrons to holes
~ 1/2).

A second interesting feature in the behavior of the polysilicon
devices was observed only in the particular form of the devices diagrammed
in Fig. 8(b). These devices had a double layer of polysilicon grown sequen-
tially in situ. The first layer was an insulating polysilicon layer grown
in argon as a carrier gas. The second layer was a conducting polysilicon
layer using boron as the dopant and hydrogen as the carrier gas. The con-
ductivity of this layer was approximately 3 X 10_3 Q-cm. Both layers were
2000 } thick.
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FIG. 8 Cross section diagram of CID structures fabricated with polysilicon:

(a) Single insulating polysilicon layer device.
(b) Double layer polysilicon device. Note that collector metalliza-
tion is not in contact with insulating layer.
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The double-layer polysilicon devices differed from all other CID's
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ever fabricated in that they did not show any evidence of exhibiting a virgin
state. The virgin state of all other CID's is manifest by an initially high
threshold voltage for a device which has never been switched before. After
the first switching, all subsequent switching is at a consistently lower
voltage. Several experimental runs have confirmed the absence of the virgin
state if metal contacts do not touch the insulating layer. Table I summarizes
data taken from devices of the structure of Figs. 8(a) and 8(b). These
devices had identical insulating polysilicon layers. Note that the double-

layer polysilicon devices had a much narrower range of threshold voltages.

TABLE I

Threshold Voltages of Devices Made With Single and
Double Polysilicon Layers.,

Threshold Voltage
Threshold Voltage at for Subsequent
Device Structure First Switching Switching

Single insulating
polysilicon layer 70 10 - 20

Double polysilicon
layer 1405 ! 15.5 11’3.5 - 15.5

C. SECONDARY PROPERTIES OF POLYSILICON CID STRUCTURES

Several aspects of the behavior of polycrystalline silicon NCL CID
structures deserve further investigation because of their potential impact on
the production of CID integrated circuits. Primary among these is the
greater uniformity of polysilicon CID behavior, especially with regard to
threshold voltage. Because variations in device design are still being
explored, it is too early to conclude that the use of polysilicon is in itself
a truly superior fabrication technique; however, we have observed one run in

which all devices had their threshold voltages within a narrow range (15 + 0.5 V).
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This result was obtained with the double polysilicon layer devices.

A second potentially important property is that the type of col-
lector metallization is quite immaterial. This is true for both the double
and cingle layer polysilicon devices. Furthermore, there is some evidence
trzt rapid transfer from insulator reactor to vacuum metallization equipment
is rot required for either good yield or other desirable properties (low
leakage current in the high impedance state, for example). This permits
greater freedom in device processing., The fa.t ti:.t metallization need not
be applied immediately following the deposition of the insulator layer per-
mits, in particular, the application of photoresist and insulator layer etch-
ing before metal is applied. Such a sequence of fabrication can eliminate a
metallization step since base and collector metallization can be applied

simultaneously.

We have also not observed the "INHIBIT" effect (to be described in
detail in Sec. 10 ) in multiple collector devices which are fabricated from
polysilicon devices. This result is viewed as preliminary since only a few
multiple collector polysilicon devices have been examined. If this is
generally true, then major simplifications could result in integrated circuit

processing, since in emitter-base-collector memory circuits the INHIBIT func-

tion should be eliminated. (One would not desire the application of a voltage

pulse to one part of the circuit to affect the switching of another device
¢ the same chip at some later time.) Although such interactions between
devices could be eliminated in principle by isolation diffusions, circuit

processing could be simplified if such steps were unnecessary.

Finally, the absence of an intermediate state in the I-V charac-
teristics of polysilicon devices could provide a greater freedom
of choice in circuit design since, if present, the effect of the intermediate
conductivity state can be eliminated only by proper choice of collector load
resistance and voltage bias. This appraisal supposes that in its initial
application the CID will be used in binary rather than ternary logic system.
While such a "three-level" memory is certainly conceivable, it is not viewed

as the path of earliest systems acceptance of the device.
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D. DETAILED BEHAVIOR OF EMITTER-BASE~COLLECTOR THREE-TERMINAL CID'S

Double~layer polycrystalline silicon CID structures have been

fabricated with the general structure shown in Fig. 8(b) but with a heavily
doped region beneath the base contact and their performance examined. These
devices have produced the highest sensitivity of threshold voltage to base

current drive of all devices fabricateds Figure 9 shows common emitter

AR T

] characteristics of one such run of devices which were of a p-type epitaxial
i layer grown on an n+ epitaxial substrate. The ratio Avth/AIB is equal to

; 3 X 105 ohms for these devices. The current which can be repeatably and

E reliably switched in the collector circuit is approximately 104 times the

E base current.

:

The threshold voltage of the double-layer polysilicon devices when
not illuminated and with zero-base current tends to be relatively high. As

would be expected with such properties, the surface depletion layer is

T T T W A T P T TR TR T A R

extremely wide. Figure 10 presents the capacitance as a function of voltage

s

for one such run which has a threshold voltage of 50 V. This device had an
area of 1,07 X lO-4 cm2, with a capacitance of 0,172 pF at 40 V bias, the
depletion width at 40 V is 6.2 .




FIG. 9

Ic (0.1 mA/div.)

Ve (1 V/div.)

Common emitter characteristics of double layer polysilicon CID structure.
The various traces correspond to changes in base current increments of

2 pA. The highest threshold voltage occurs when |g = 0 and the lowest
when Ig = 18 uA.
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FIG. 10 Capacitance vs applied voltage of double layer polysilicon device in high
impedance state. Data taken at frequency of 1 MHz.
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SECTION 4

CID STRUCTURES WITH AMORPHOUS SILICON NONLINEAR CONDUCTORS

Controlled inversion devices have been fabricated with amorphous
silicon as the insulator layer. The potential advantage of amorphous silicon
insulator layers arises from the fact that the deposition can be accomplished
by sputtering, which is essentially a room-temperaturec operation, thus
eliminating all high-temperature fabrication steps following epitaxial growth.
Indeed, these devices have had the most consistent properties of any varia-
tion of CID structures which have been fabricated. In addition, the amor-
phous silicon-insulator layer devices have shown the lowest reproducible
current density in the high-impedance state of any structural variation of
the CID which has been fabricated to date. Besides being of utility in the
fabrication of integrated circuits using CID's, the low current density of
these devices has enabled convenient and accurate measurement of the capaci-
tance of three-terminal devices under full bias conditions near the threshold
voltage. Such measurements, which will be described in the next section,

have been useful in confirming the basic model of the CID phenomenon.

A. STRUCTURE AND BASIC FABRICATION. PROCESSES FOR AMORPHOUS SILICON INSULATOR
LAYER DEVICES

The amorphous silicon insulator devices were fabricated using 150-
175 & of amorphous silicon which was applied by sputtering. (Presumably,
the amorphous silicon could also have been applied by chemical vapor deposi-
tion with similar results, but sputtered layers were used for convenience and
to demonstrate that low-temperature processing is sufficient for producing
CID structures.) The potential utility of amorphous silicon in CID struc-
tures was first suggested almost two years before actual fabrication,4
although the specific advantages of the material were not recognized at that
time beyond the possibility of using insulator layers which were at least

several hundred angstroms thick and therefore, presumably, more reproducible.

The structures fabricated using amorphous silicon are shown in Fig. 1ll.

If base contact diffusions were used as shown in Fig. 11(c), then the
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FIG. 11 Cross-sectional views of four CID structures fabricated using
amorphous silicon:

(a) Metal/amorphous silicon/p/n” diode;
(b) Metal/amorphous silicon/p/n" triode;
(c) Triode with diffused base contact area;
(d) Metal/amorphous silicon/n/p diode.
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diffusion was accomplished prior to the amorphous silicon deposition. I
all cases,

n
the silicon was rf sputtered from a 6-inch diameter target using

an input power of approximately 100 W. The deposition rate was 30-40 # per
minute.

It was found that it was possible to apply the base contact metal-
lization either before or after the amorphous silicon layer was sputtered.

If the silicon is deposited first, then it must be removed before the base

metallization is applied in order to avoid making the base contact a col-
lector contact of a second controlled inversion device.,

variation is shown in Figs. 11(b) and 11(c)

This structural
» If the base metallization is
applied first then, at least for discrete devices, it is not necessary to

remove the overlying amorphous silicon layer before bonding a base contact

lead to the base of the device. The thermocompression bonding process

effectively breaks through the 150 A thick silicon layer to form a mechanically

rugged and electrically low-resistance contact to the underlying base metal-
lization.

It appears that an evaporated layer of chromium-gold metallization
over the amorphous silicon will make adequate ohmic contact to the under-
lying, previously applied primary base metallization, even if mechanical

disruption of the silicon layer is not obtained. This presumably occurs

because any voltage appliec to this contact will be applied directly across

the amorphous silicon, since the sandwichinc metal layers cannot support any

significant voltage. The utility of this procedure for integrated circuit
fabrication has not yet been confirmed, however, even though it eliminates

at least an etching step and also, perhaps, a photoresist masking step. This
procedure is open to question, not because it does not always work, but

rather because sometimes it is necessary to pass current through the collector

contact before a low-resistance connection is made.

The structure of Fig. 11(d), which shows a metal/amorphous silicon/
n-type silicon/ p+-type silicon layered sequence was not extensively
investigated, since much higher reproducibility was achieved from the M/I/p/

n+ structure. The latter structure may also be expected to be a faster
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device, since electrons with the higher mobility are the mincrity carrier in
the base.

B. PERFORMANCE OF AMORPHOUS-SILICON INSULATOR DEVICES

The I-V characteristics of CID's with amorphous-silicon insulator
layers are presented in Fig, 12. Figure 12(a) shows the complete current
scale, which includes the low-impedance state. The sustaining voltage of
the low-impedance state is less than 2 V. It is important to observe that
there is only one low-impedance state. This is generally true for amorphous-

silizon insulator layer devices. Another property of amorphous-silicon CID

I-V characteristics is also evident in Fig. 12(a): The current rises sharply
to relatively high values compared to lower voltage current values near the
threshold voltage when the device is still in the high-impedance state. The
negative resistance does not reduce the voltage until much higher currents
than are available at low voltages are passed.through the device., This I-V
curve should be contrasted with the I-V curves of the polysilicon insulator

layer devices shown in Fig. 9.

The reason for the seemingly high current in the upper limit of the
high-impedance state has more to do with the low current density of the device
at lower voltages than to an unusually large current being required to initiate
the negative resistance. Figure 12(b) displays, in an expanded scale, the
I-/ characteristics of the same device used to obtain the data of Fig. 12(a).
The current at 15 V is only 5 yA, which for this device, whose area was

1.27 % 10-4 cm2, corresponds to a current density of 4 x 10-2 A/cm2.

The thresnold voltage for amorphous-silicon insulator devices tends
to be higher for the same single-crystal silicon structure than for any other
insulator material used. This property may be ultimately used to advantage

in obtaining fast devices for a given threshold voltage, since a narrower

base device may be used in achieving the same threshold voltage.

The amorphous silicon CID's do evidence a virgin state, however,

in contrast to the double-layer polysilicon devices described previously.
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FIG. 12 Current-voltage characteristics of metal/amorphous silicon/p/nt diode;

(a) Overall 1-V characteristics;
(b) Detailed i-V characteristics of high impedance state.
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The virgin state of the single - layer polysilicon devices (as for all other insulator
materials) is removed with a single switching event. The collapse of the
initially high threshold of the virgin state of the amorphous-silicon
insulator devices to their final value is exceptional in that it is gradual.
Acout two seconds of 120 Hz curve-tracer switching is required to produce the

final equilibrium threshold voltage. It is emphasized that once produced

this threshold voltage is remarkably stable, changing less than 1% over
repeated cyclings with high currents. The range of final threshold voltages
for various amorphous silicon devices fabricated on the same wafer is almost
10%, however. This is somewhat wider than the narrower range quoted in

Table I for the double-layer poiysilicon devices.

The depression of the threshold voltage by base current was not as
great for the amorphous silicon insulator devices as for the polysilicon layer

devices. The ratio Avth/AIB was equal to 4 ¥ 104 ohms for the amorphous
silicon devices.
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SECTION 5

MEASUREMENT OF CAPACITANCE OF CID STRUCTURES IN HIGH-IMPEDANCE
STATE UNDER ILLUMINATION AND FULL THREE-TERMINAL BIASING

One of the methods which may be used to describe experimentally the
formation of the inversion layer of CID structures is obviously the measure- C
ment of its capacitance as a function of voltage in analogy with the common
capacitance-voltage (C-V) measurements of standard MOS capacitors.5 In such
measurements there are difficulties present for the CID which are not
present in conventional MIS devices, however. These difficulties result
from the conductance of the device, which shunts its capacitive reactance.
The conductance restricts the range of bias conditions under which the
capacitance may be accurately measured. Furthermore, the presence of a
forward-biased junction which contributes to the conduction also presents a
diffusion capacitance.6 If the contribution of the inversion layer forma-
tion to the total device capacitance is to be determined explicitly, then

the effect of the CID's diffusion capacitance must also be determined.

These problems may be readily overcome for many interesting experi-
mental situations when the device is biased into its high-impedance state
(and only the formation of an incipient inversion layer is studied) by the
methods described in this section of the report. Two of the interesting
experimental situations are those in which the device is either under condi-
tions of illumination or full three-terminal bias. (The capacitance of CID's

in their low-impedance state will be described in the next section.)

A. MEASUREMENT TECHNIQUE AND DEVICE STRUCTURES STUDIED

The capacitance of the CID's studied was measured using a Boonton
72D capacitance meter. This instrument is capable of measuring capacitances
whose Q (= wRC) is equal to unity with a 0.1% accuracy. The measured Q's
of all capacitances reported here was 2 2 under the conditions in which they

were measured. Several precautions were found to be necessary if repro-

ducible and precise measurements were to be taken. No electronic power




supplies were found satisfactory if three-terminal blas measurements were made,

as sometimes jittery measurements resulted. The measurements were recorded

by using battery supplies with potentiometers as shown in Fig. 13. Figure

. 13 also introduces a proposed circuit symbol for a three-terminal CID

transistor with emitter-base-collector terminals. The analogy to the symbol

. for junction transistors is obvious. The collector terminal is different,

however, and is chosen to suggest that the collector has a gate-like function

besides its minority carrier collector function.

The measurement frequency was 1 MHz. Although this is an extremely

high frequency for MIS capacitors, it is necessary in order to ensure that a

high enough Q was obtained in order to achieve accurate capacitance measure-
ments. For example, with C o, 2 pF, if a Q> 2 is desired, then the dif-
ferential resistance of the device (dVCB/dIC) must be greater than 1.6 X 10°

ohms. The present technique will therefore no permit measurement of device

capacitance if extremely high currents are passed through the collector,
when dVCB/BIC will be reduced.

The present technique has also not been found to be useful if the

capacitance between the emitter and collector terminals, rather than the

capacitance between the base and collector terminals, is measured with full

three-terminal bias conditions. This is not because repeatable measurements

cannot be obtained, but rather because there appears to be no method for

unambiguously nulling out the stray capacitance of the header on which the
device is mounted and that of the rest of the base current supply circuit.

The nulling is found to depend upon the resistance in the base current cir-

LR o v i et "

cuit. The capacitance between the emitter and collector terminals can be

measured quite accurately, however, if the base terminal is left open.,

REE SR

The contribution of the formation of an incipient inversion layer

to the CID capacitance may be readily distinguished from the contribution of

..? . a diffusion capacitance by comparing the CID's capacitance to that of a

related, similarly geometrically constructed, completely bipolar device.

This analogous bipolar structure is illustrated in Fig. 14, which also shows

the cross-sectional view of the related CID structures. Both devices were
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FIG. 13 (a) Experimental arrangement used to measure collector-base
capacitance when emitter current is supplied to CID.

(b) Circuit symbols for M-1-p-n and M-1-n-p CIDs.
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FIG. 14 Cross-sectional views of a CID structure (top) and an analogous bipolar
structure (bottom). Both devices were fabricated using the same photo-
resist masks. Bipolar structure cannot have contribution to its collector
capacitance from inversion layer formation.
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fapbricated from the same silicon wafer and with the use of the same photo-

resist masks.

The analogous bipolar device is essentially a transistor structure
with a somewhat unusual geometric arrangement, including an emitter of large
area than its collector. It is apparent that the bipolar structure can have
a diffusion contribution towards its total capacitance because minority
carriers will be stored in its base region if it carries current, but that
no inversion layer formation is possible, since electrons will be swept into
the reverse-biased collector by the electric field. Thus, differences between
the capacitance of the CID and the bipolar analog under similar biasing will

be due to the formation of an inversion layer in the CID.

B. EXPERIMENTAL RESULTS

Switching of a CID from one of its higher to one of its lower
impedance states is possible by illumination of the device by silicon bandgap
radiation. One would therefore expect that a significant increase in
capacitance would occur as the radiation increases the minority carrier con-
centration in the base and therefore tends to form an inversion layer at
lower collector biases than if no illumination were present. This is con-
firmed by experiment. Figure 15 displays the emitter-collector capacitance
(with floating base) of an amorphous-silicon CID device as a function of
emi*ter-collector voltage. Note that for both the illuminated and non-
illuminated conditions, the capacitance tends to rise as the collector
voltage increases near the threshold (~ 25 V for this particular device,

which had I-V characteristics similar to those shown in Fig. 12).

The low-leakage current of CID structures made with amorphous
csilicon as the nonlinear conductor made these capacitance measurements pos-
sible with high accuracy. It should be noted that while the capacitance of
both illuminated devices is greater than that of the same device when it is
not illuminated, the capacitance of the CID in both conditions increases at
high bias. This increase in capacitance is most certainly due to the

incipient formation of an inversion layer. By contrast, the capacitance
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FIG. 15 Collector-emitter capacitance of amorphous silicon CID structure of
Fig. 14 with floating base terminal.




between the emitter-collector terminals (with floating base) of the analogous
bipolar structure is shown in Fig. 16 for conditions of no illumination and
illumination identical to that used for the CID's measurements of Fig. 15.

It is clear from Fige. 16 that 11lumination can increase the diffusion
capacitance of both the CID and the bipolar device, but comparision of the
data of Figs. 15 and 16 shows that the increasing capacitance of the CID at
higher voltage biases 1s due to partial inversion layer formation. The data
of the bipolar structure is shown only with the same voltage range as that of
the CID whose threshold voltage was 25 V. If continued to voltages near the
common-emitter breakdown voltage of the bipolar structure (above 50 V), the
data would show that the bipolar device had a capacitance which was a mono-

tonically decreasing function of reverse collector voltage for both its dark

and illuminated states.

Figure 17 displays the collector capacitance of the CID whose
emitter-collector capacitance was presented in Fig. 15 when the emitter
terminal has been shorted to the base terminal. Note that capacitance of the
device under these conditions does not increase at higher collector voltages,
and is not particularly sensitive to i1lumination. This is a reasonable
result because both the diffusion capacitance &:d inversion-layer capacitance
will be reduced because of reduced minority-carrier injection when the
emitter is shorted to the base. The dark capacitance is also shown on a
contrasted scale for forward biasing of the collector-base contact. The
capacitance in this case approaches the capacitance of the insulator layer.
If the emitter-collector capacitance with floating base were measured, then
the capacitance would decrease sharply with forward biasing of the collector,
as-this sense of bias would also imply that a reverse bias was applied to the
emitter junction which is in series with the collector. Thus the capacitance

of the insulator would not be directly observed if the base were floating.

Figures 18 and 19 present data on the collector-base capacitance
of the CID when emitter current is supplied to the device. The collector-
base capacitance as a function of collector voltage is shown in Fig. 1& with

the emitter current IE’ appearing as a parameter. When IE = 0, then the
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FIG. 17 Collector-base capacitance of amorphous silicon CID structure with
emitter shorted to base.
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3 ;f Tesults are essentially the same as for Fig. 17. Increasing the emitter

3 current raises the collector capacitance at low voltages. This change is
much greater for the CID than for the analogous bipolar structure. At higher

= collector voltages the difference between the curves for different IE

7 decreases. This is because the higher collector-base voltages imply a

. 1 greater conductance of the nonlinear conductor, which therefore causes a
dissipation of the incipient inversion layer formed by the minority carriers
injected into the base from the emitter. Data at higher collector voltages
could not. be obtained because of deterioration in device Q. Figure 19 dis-
plays data on the capacitance as a function of emitter current with base- -

E & collector voltage as a parameter. If collector-emitter terminal capacitance

R

could be measured, with base current as a parameter, one would not expect a

L
At

f i reduction in capacitance at higher collector-emitter voltages.

ke
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SECTION 6

CAPACITANCE MEASUREMENTS ON DEVICES IN HIGH CONDUCTIVITY STATE

A. PURPOSE AND METHOD

Measurements of the capacitance of semiconductor devices yield
valuable information about the internal parameters of the device: width of
a depletion layer, or amount of stored charge in neutral layers. Such

information would be desirable to have for the CID., However, in the high

conductivity states the device's capacitance is shunted by a relatively high
conductance and this severely limits the accuracy of the measurements of the
capacitance. One method of securing the capacitance data is to work at much
higher frequencies in the microwave band where the capacitive impedance can
become comparable to the resistance.

This method of measuring CID capacitance has been used. The data
agrees with 1 MHz measurements for the capacitance in the high impedance
state and have provided the first measurement of capacitance of CID's in
their low impedance states. The method consists of mounting a CID in a
microwave varactor package and placing the package at tiie termination of a
50 7 coaxial transmission line. The reactance of this complex circuit is

measured at ~ 1 GHz using an HP network analyzer. The capacitance of the

chip can be inferred from this measurement.

The means of making this inference are probably worth describing,
since they are likely to be familiar only to those readers who have speci-

fically microwave semiconductor experience. The equivalent circuit of the

packaged diode terminating a coaxial line is shown in Fig. 20, 1In this

figure, the terminals A-A’ represent the impedance seen in the coax.al cir-

cuit just at the point where the packaged diode is mounted.

The circuit element Cl’ C? and LRM represent the net effect of the

impedance caused by a transition from the coaxial line to a radial mode cavity

formed by the end wall of the coaxial circuit, the outer conductor, and the

end of the center coaxial conductor.7 These impedances are somewhat affected
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FIG. 20 Equivalent microwave circuit of package diode mounted in termination
of coaxial transmission line.




by package size, but are mainly dependent on coaxial line dimensions. For
the particular psckage and coaxial line used, Cl and C2 are small enough to
be negligible and the radial mode inductance LRM = 0.4 nH. The capacitance
of the varactor package Cp was 0.15 pF and the inductance Ll which was 0.4 nH
is produced by the wire leads which connect the chip to the lip of the pack-
age. With the knowledge of these circuit elements it is possible to calcu-
late the effective parallel capacitance Cll and.resistance R of the active

diode from measurements of the impedance seen at terminals A-A’.

B. MEASUREMENTS OF NARROW BASE DEVICES AT LOW MICROWAVE FREQUENCIES

The first measurements made are presented in Fig. 21 for devices

of the type diagrammed in Fig. 3 when they were biased into the low-impedance

states. These devices were of relatively narrow base width6 (less tham 5 ym).

The capacitance is seen to increase with larger currents, which is suggestive
of a diffusion capacitance. In fact, one might expect12 that the measured

capacitance C should be given by

C=Cy +Cy (4)

where Cd£ is the depletion layer capacitance of the surface depletion zone
corrected by any ability of an inversion layer to follow the signal, and Cd
is the diffusion capacitance of the base region. According to simple

theory,6 for low frequencies

C _IW_B% (5)
d D V.

where I is the applied current, D is the diffusion constant for the minority
carriers in the base, WB is the width of the neutral base region and VC is

the collector voltage.

Note that Egs. (4) and (5) are quite obviously appropriate for

providing at least a qualitative explanation for the date of Fig. 21. 1In
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FIG. 21 Graph of capacitance measured at 1 GHz vs current of CID device 3
diagrammed in Fig. 3 with open base connection.




particular, the I = O intercept of the curves does in fact yield the capaci-
tance of the device at that same voltage but in the high-impedance state.
Second, an approximately linear dependence of C on I is observed. Finally,
one may note that the slope of the curves for two impedance states are con-
sistent with Eq. (5) and the fact the lowest impedance state has the lowest
voltage. The lower voltage implies a narrower surface depletion zone and
therefore a greater width WB of the base region. According to Eq. (5), a

plot of C vs I should have a greater slope for a wider neutral base region.

There remains a question as to the value of awB/BvC which should
be used in Eq. (5), however. In the high=-impedance state, BWB/BVC appears
to have almost exactly the value that would be found if a Schottky-barrier
contact, instead of the metal nonlinear conductor contact, were used. In
the low impedance stales it is not clear that the simple electrostatic argu-

ments on the width of a depletion zone apply to a CID. If we were dealing

n#ith a simple MIS structure, we could safely assume that at tne 1 GHz measure-

ment frequency that the surface inversion layer could not follow the voltage
variations applied to the metal contact,11 but with the CID, which has a
ready supply of minority carriers, the surface depletion zone might well be

able to follow the applied signal.

Initial analysis of the data will be made under the assumption
that the inversion layer cannot follow the high-frequency variations. If
this 1s the case, we may evaluate ‘WB/EVC by assuming that all of the extra
voltage applied to the collector will be developed in the surface depletion
layer. Therefore, aWB/BVC = - %WS/BVC’ where WS is the width of the surface
depletion layer. For the structure studied in Fig. 2%, with uniform doping

of the c<emiconductor near its surface,
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For the lowest impedance state Vo~ 2V and We = 1.6 gm. Further, if we take

D) 23540 cm2/s for electrons, we find from Eqs. (4) and (5) that

_1.ax 1077 1.6 x 1077

40 2% 2

= 1.4 x 107° E/a = 0.14 pF/mA , (6)

where we have taken W, to be the difference between the depth of junction

B
below the surface (3 ym) and the calculated value of W_. (1.6 ym).

S
The slope of the C vs I curve of Fig. 21 is about 0.4 pF/mA. One
reason for the difference could be that the method of calculation BWB/BVS is
not valid because the inversion layer can respond tc the 1 GHz measurement
frequency., Some support for this reasoning is given by measurements of the
capacitance of the device type shown in Fig. 4 when biared into the inter-
mediate impedance state. These measurements are presented in Fig. 22. The
measured values of aC/BI at small values of current are zbout 1 pF/hA, and
the value calculated from Eq. (1) is 1.2 pF/mA. The device used for this
measurement had a considerably wider epitaxial layer than did the device
from which the data of Fig. 21 were obtained. The surface depletion layer
had a width of 2.2 ym in the intermediate state and the neutral base region
was about 6 ym. The greater base width of this device could tend to prevent
the surface depletion layer from rapidly following the applied fieid, thus
making the device more nearly conform to the assumption made above that the

inversion layer cannot follow high-frequency variations at all.

d,6 which tends to reduce Cd at high

frequencies, has not been taken into account. If standard expressions for

The frequency dependence of C

the frequency dependence of Cd are directly applicable to the CID structure,

then a further descripancy results as the calculated values of Cd would dif-

fer even more from the measured values.,
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FIG. 22 Graph of ~apacitance measured at 1 GHz vs current of CID diagrammed

in Fig. 4 with open base connection. Device is biased to intermediate-
level impedance state.
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C. MEASUREMENTS OF WIDE BASE DEVICES AND NARROW BASE DEVICES AT HIGHER
MICROWAVE FREQUENCIES

The method of disembedding.the impedance of a diode from its pack-
aging reactances and circuit mounting reactances will lose accuracy if the
device itself can react with other circuit elements to form resonant circuits.
With high currents and at higher microwave frequencies, the devices whose
measurements were reported in the previous section do form resonant circuits
with other mounting elements. The reactances of these devices cannot be
measured with the same accuracy as at lower frequencies. However, it is
qualitatively clear that the reactance of the devices at 10 GHz differs even
more in the low-impedance state from the high-impedance state than it does
at 1 GHz. The davices evidenced extrenely high capacitances (50 - 100 pF) or

event had inductive reactances in the 5-10 GHz band.

An attempt to understand the reasons for this was made by examin-
ing extremely wide base (T 10 ym) devices at lower frequencies. Figure 23
shows a Smith Chart plot of the impedance of an amorphous silicon CID with a
9.5 ym base width made at 1 and 2 GHz as a function of dc bias. The lower
half of the Smith Chart shows capacitive reactance and the upper half shows
inductive reactance; points lying near the perimeter of the circle show
nigher magnitude reflection coefficients than points lying nearer the center
of the chart which represent better matches to the 50 (0 line. A short cir-~
cuilt appears as a point on the left-hand edge of the chart (impedance = 0
and angle = 1800): as open circuit appears as a point on the right-hand edge

of the chart (impedance = ~ and angle = 0°).

At zero bias the impedance of the device is in the lower rignt-hand
quadrant with significant loss. As the bias increases the loss decreases,
and near threshoid the device is a nearly pure capacitive impedance. As the
dc current increases near V.  the device again becomes lossy while its
capacitance continues to deE?ease. The impedance jumps to the upper left-
hard quadrant when the low-impedance state is obtained, indicating an
inductive reactance and low resistance. Increasing the current in the low-

impedance state causes the device to become less lossy by reducing the
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(a)

(b)

FIG. 23 Smith chart representation of impedance of amorphous silicon C:D with
9.5 um base width measured at 1 GHz (a) and 2 GHz (b) as a function
of applied bias. The device shows capacitive reactance in the high-
impedance state and nductive reactance in the low-impedance state.
The device has a minimum loss when either high voltage is applied to
the device in the high-imped:nce state or high current is applied to the
device in the low-impedance :ate.
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resistance of the device to valucs far below 50 Q. The peak currents shown
are 25 mA. For currents > 50 mA, the resistive component of the device was
so low it could not be accurately measured from this type of plot without

further recalibration.

Figure 24 displays the impedance of the device at two particular
bias conditions when the test frequency is swept from 1-2 GHz. The two bias
points are in the high-impedance state near threshold (which produces the
trace in the lower right-hand quadrant) and at 25 mA current in the high-
impedance state (which produces the trace in the upper left-hand quadrant.
For both high- and low-impedance states the 1 GHz data points lie near the
horizontal axis of the Smith Chart.

The precise mechanisms for the appearance of an inductive reactance
rather than a capacitive reactance in the low-impedance state have not been
established. It could involve transit-time effects as well as a suppression
of diffusive capacitive contributions by high frequency, wide neutral base

layer width effects.

D. SIGNIFICANCE OF ["ICROWAVE FREQUENCY IMPEDANCE MEASUREMENTS

One of the anticipated benefits of a CID memory, which was dis-
cussed in the proposal to our current ARPA program, was its potentially high
speed. In-that proposal, data were presented which showed that impedance-
state transitions could take place at least as fast as 1 ns. A second feature
which must be present if an integrated array is to function as an extremely
fast memory (or as a fast crossbar switch) is that the device be capable of
being "read" within nanosecond time intervals for memory applications (or
transmit subnanosecond pulses reliably in its dc low-impedance state for
crosshar switching). These later requirements are equivalent to demanding
that the impedance of the device be very different when measured at micro-
wave frequencies in its high and low dc impedance states. The data supplied

in Sec. 6 demonstrate that this is, in fact, the case.
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FIG. 24 Smith chart representation as a function of frequency between 1 and
2 GHz for two particular biases: device in high-impedance state with
V < VTH and device in low-impedance state with | = 25 mA. In both
the high- and low-impedance states the impedance points are closer to
the horizontal axis at 1 GHz.
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= ... 2m=25ZZ<COLLECTOR DEVICES USFD AS AN AID TO UNDERSTAND CID MECHANISMS

A.  COMMON BASE CHARACTERISTICS

Devices biased ip the common-base mode ire often unstable ang can
be easily damaged. Nevertheless, the study of the common-base current-
voltage Characteristics cap provide some insight into the Operation of the

CID phenomenon, Typical common-base Characteristics of the device diagrammed

Fig., 26,

For small collector voltages, it ig seen that the collector cur-
rent IC 1s less than the emitter current IE for both structures., Thig is
generally true for all CID's. At sufficiently high collector voltage,

IC > IE. This is in strong contrast to the case of normal bipolar transistors,
where the magnitude of the emitter current isg always greater than that of the
collector current. The usual small difference, IE - IB = base current, is
interpreted asg recombination current, If EE < IC, we would naturally inter-
pret IB as generation rather than recombination current,

[he collector voltage at which IC = IE is at, or at least near, the
point where the characteristics become very steep and 3 rapid jump in col-
lector current occurs. These critical collector voltages are approximately
equal to the collector voltages at which transitions to the low=impedance
state occur in the grounded-emitter configuration (for the same collector
current), as illustrated in Figs. 5 and 9. Thus, we have a strong suggestion
that additional carrier generation occurs in the collector side of the device

at the threshold voltage or in the low-impedance state.

which of severa] mechanisms ig responsible for the €xcess generation, It isg

not likely to be primarily avalanching., The avalanche breakdown of the
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FIG. 25 Grounded base collector characteristics for devices diagrammed in Fig. 4.
Curves correspond to emitter currents of 0, 0.2, 0.4 and 0.6 mA, with
higher emitter currents resulting in higher collector currents.
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FIG. 26 Grounded base collector characteristics for double layer polysilicon
device diagrammed in Fig. 5. Curves correspond to emitter currents
of 0, 60, 100, ...., 500 uA with higher emitter currents resulting in
higher collector currents. Note oscillation when Ig = |gc.
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surface depletion zone of the devices is well beyond 150 V. It is unreason=-
able to assume that multiplication will exceed unity by as much as one per-
cent at voltages in the range of 10-18 V. Another possible mechanism for
generation is multiplication by carrier conduction processes at the in«ulator-
semiconductor interface. This speculation is basically a generalization of
the multiplication process described by Shewchun et al.8’9 Shewchun has
considered the particular case of tunneling of carriers completely through
the insulator, an .obvious impossibility in our case where the insulator is
300 & thick. However, it is possible that carrier injection into the
insulator is partially governed by tunneling processes., Finally, one might
consider the possibility that carriers entering the semiconductor from the
insulator (in this case holes) have sufficient energy in the valance band of
the semiconductor to cause an ionization event producing an electron-hole
pair in addition to the primary hole. Further investigation of these obser-
vations is likely to be crucial for developing a complete quantitative
theory of the CID.

The common-base characteristics of the polysilicon CID for
relatively high values of emitter current are illustrated in Fig. 27. The
steep rise in collector current, which is shown in the upper part of the
picture, corresponds to a device in the common-emitter configuration being
in the low-impedance state. For such conditions there is a fully developed
inversion layer a* the polysilicon-silicon interface. The differential coa-
ductivity of the device therefore represents the differential conductivity

of the polysilicon layer under conditions on an n-type silicon layer.

B.  "INVERTED BIASING" OF EMITTER-BASE-COLLECTOR DEVICES

The least well-understood part of the CID structure is, of course,
the thin insulator layer. Very little direct experimental evidence exists
which defines the fraction of total insulator conduction current which is
carried by electrons and holes. The CID.structure offers one means of supply-

ing such information if its bias is inverted.

By "inverted bias" we mean that the metal collector of the CID is

used as an emitter and the p-n junction emitter is used as a collector.,
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FIG. 27 Grounded base characteristics of double layer polysilicon device
diagrammed in Fig. 8(b). Curves correspond to emitter currents
of 0, 0.5, 1.0, ....,, 3.0 mA. Note discontinuity in curves for
Ilg = 0.5 and 1.0 mA.
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This is illustrated in Fig., 28. If such biasing is applied, then the

reverse~biased p-n junction should be able to sweep up minority carriers

(electrons for the device type illustrated in Fig. 28) injected into the

base region of the device from the metal-insulator contact. The ratio of

the current IC crossing the reverse-biased p-n junction to the current

supplied to the metal contact IE should provide (assuming good lifetime and

favorable bipolar transistor geometries) a measurement of the fraction of the

insulator current that is carried by minority carriers of the base region

of the device.

It is recognized that while this information may be interesting,

it will not necessarily be definitive concerning CID behavior. This is

because the insulator has the opposite bias in this experiment than it does

in CID operation. Thus, for example, differences in work function between

semiconductor and metal, and the presence of either accumulation, depletion

or inversion layers on the semiconductor surface could cause an asymmetry in

the two directions of current transport.

All the structures which were fabricated were studied under

inverted biasing. The thicker nitride structure of Fig. 4 (300 & of silicon-

rich silicon nitride) was studied more extensively because a priori it was

felt that the dominant carrier should most certainly be electrons rather

than holes. The data of Fig. 29, which shows the ratio of IC/IE as a func-

tion if IE for the inverted bias arrangement, cannot be interpreted, however,

in any obvious manner except to show that the dominant carriers in the

insulator are holes,.

If electrons were the dominant carrier and no complications due to

an active insulator-semiconductor interface (caused by recombination, for

example) were present, one would expect IC/IE =2z 1. The maximum value of

IC/IE is about one-third according to Fig. 29. The fall-off of I(,/IF at

high emitter currents is not a property of the insulator “ut a p.operty of

the semiconductor geometry., This will be discussed in the next section of

this report. The flat portion of IC/IE vs I and the values of IG/IE at low

IE do reflect properties of the insulator and/or insulator-semiconductor

interface.
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FIG. 28 Illustration of conventional and inverted biasing of CID whose structure
is metal-insulator-p-n+.
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5 The devices with the double polysilicon layer of Fig. 8(b) show
g in inverted bias conditions that essentially no electrons cross the insulat-
f ing polysilicon from the conducting polysilicon to the semiconductor. This
] is presumably due to the absence of the electrons in the conducting poly-
; silicon.
% .
f C. NEGATIVE RESISTANCE COLLECTOR CHARACTERISTICS UNDER "INVERTED BIASING"
|
i

1. Negative Resistance Collector Characteristics for Inverted CID

The decreasing value of IC/IE at high emitter currents is not a
property of the insulator structure used, but rather a property of the device
geometTy, For inverted biasing the device is a poor transistor structure
because of a large spreading resistance between the emitter (metal-insulator)
and base contact. This resistance can be modulated by the collector deple-
tion zone. A detailed discussion of this point is nresented not only to
ensure that the correct interpretation is placed upon the IC/IE curves and
hence upon the insulator properties, but also because utilization of this

phenomenon may have significant device potential in its own right.

The data which were presented in Fig. 29 make use of only the
values of IC when the collector voltage is zero. The common-base character-
istics of an inverted biased CID are presented in Fig. 30, with each cirve
representing an increase of 5 mA in emitter current. It is apparent that
the increase in collector curreat becomes smeller for the same increment in
emitter current as the emitter current level is increased. The IC Vs VC
curve for IE = €0 mA would be almost guperimposed upon the IE = 30 mA curve.
The differential negative resistance characteristics which occur at either
high emitter currenis or high collector voltages suggest thst the collector
veltage modulates the emitter current and therefore the collector current.

2. MNegative Resistance Collector Characteristics of Analogous Bipolar
Structures

The arguments advanced above make no reference to any particular
property of tne metal-insulator emitter. It may therefore be suspected that

a bipolar device, withnut a metal-insulator emitter, would evidence the same
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FIG. 30 Common-base characteristics of inverted biased CID. Curves correspond

to emitter currents equal to 5, 10, 15, 20, 25 and 30 mA. Note crowd-

ing of characteristics near V¢ = 0.
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behavior if its geometric construction is the same. This is found to be true.
Figure 31 shows, in cross section, a CID structure and two analogous bipolar
structures which were fabricated for comparison with the CID. The lateral
dimensions of all three structures were produced using the same photoresist

masks and therefore are essentially identical. The epitaxial layer's doping
and thickness were aiso the same as the CID's.

It is to be noted that both bipolar structures differ significantly
from ordinary transistor structures. The emitters of the bipolar structures
are the diffused, limited-area, n+ regions on the top of the structures. A
well designed tran51stor structure would have the base contact connected

directly to the p region beneath the emitter of the middle structure. In
contrast, both bipolar structures of Fig. 31 have a high-resistivity

P region between the base contact and the emitter. Because the p region is
lightly enough doped, the depletion region associated with the reverse-biased
collector can completely sweep out this region, further increasing the base-
to-emitter resistance. The grounded-base collector characteristics of the
middle device of Fig. 31, which has a p+ region surrounding the n+ collector,
are presented in Fig., 32. Note that there is 3 pinch-off of collector current
to nearly zero at approximately 14 V, slightly below that observed in the
analogous CID structure whose characteristics are shown in Fig. 30. The
grounded-base characteristics of the bottom s<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>